Following on from Paper I in our series (Xie 2013), we report the confirmation by Transit Timing Variations (TTVs) of a further 30 planets in 15 multiple planet systems, using the publicly available Kepler light curves (Q0-Q16). All of these fifteen pairs are near first-order Mean Motion Resonances (MMR), showing sinusoidal TTVs consistent with theoretically predicted periods, which demonstrate they are orbiting and interacting in the same systems. Although individual masses cannot be accurately extracted based only on TTVs (because of the well known degeneracy between mass and eccentricity), the measured TTV phases and amplitudes can still place relatively tight constraints on their mass ratios and upper limits on their masses, which confirm their planetary nature. Some of these systems (KOI-274, KOI-285, KOI-370 and KOI-2672) are relatively bright and thus suitable for further follow-up observations. Subject headings: planetary systems−planets and satellites: detection and dynamical evolution
INTRODUCTION
As of today, the Kepler mission has found a few thousand planetary candidates (Batalha et al. 2012; Ofir & Dreizler 2012; Huang et al. 2013; Burke et al. 2013) , and about 140 of them have been confirmed as bona fide planets 1 .
Traditional methods of planet confirmation, relying on radial velocity (RV) measurements, detailed dynamical modelling of Transit Timing Variations (TTV, e.g., Holman & Murray 2005; Agol et al. 2005; Holman et al. 2010; , and/or other complementary data (e.g. BLENDER; Fressin et al. 2011; Torres et al. 2011) , are time consuming for individual systems and thus not practical for the thousands of Kepler candidates. More recently, some efficient TTV methods for the confirmation of planets have been developed and proven to be productive Steffen et al. 2012; Fabrycky et al. 2012a; Xie 2013; Steffen et al. 2013) .
One of these efficient methods uses anti-correlated TTVs to demonstrate that the planetary candidates are orbiting the same star Steffen et al. 2012 Steffen et al. , 2013 , and then places upper limits on their masses to confirm their planetary nature based on the constraints from dynamical stability Steffen et al. 2012; Fabrycky et al. 2012a; Steffen et al. 2013) .
In the first paper of our series (Xie 2013 , hereafter Paper I), we developed a complementary method for the efficient confirmation of planets using TTVs. Specifically, we first demonstrate that a pair of planets are orbiting in the same system by their sinusoidal TTVs with theoretically predicted periods (this part is similar to that of Fabrycky et al. (2012a) ). Then based on the theoretical TTV formulas , hereafter LXW12, we use their TTV phases and amplitudes to place upper limits on their masses, confirming their planetary nature.
1 http://exoplanetarchive.ipac.caltech.edu
Using this method, we confirmed 24 planets in 12 systems in Paper I.
Here, in the second paper in our series, we continue with this methodology, confirming 30 planets in 15 systems using Kepler's four year light curves (Q0-Q16)
2 . This paper is organized as follows. In section 2, we present the confirmation of these 30 planets. Section 3 is the summary.
CONFIRMATION OF 30 PLANETS WITH TTV

Transit time measurements
The data used in this paper are the long cadence (LC), "corrected" light curves (PDC) of KOIs from Q0 to Q16, which are available at Multi-mission Archive at STScI (MAST 3 ). The pipeline used to measure the transit times has been developed and described in Paper I. In addition, we discard a handful of transit time measurements due to their very low individual transit signal noise ratios, SNR < 2.5. This causes KOI-274.02 and KOI-1873.01 to have TTV data length significantly shorter than their counterparts ( Fig.2 and 4) . Our transit time measurements are listed in table 1 and also publicly available at http://www.astro.utoronto.ca/∼jwxie/TTV. We note that some systems studied here are also listed in the TTV catalog of Mazeh et al. (2013) , which measures the transit times using Kepler data from Q0 to Q12. We compared our transit time measurements to theirs and found good consistency.
One by-product of measuring transit times is the folded light curve, from which one can see the significance of the transit. In Figure 1 , we plot the folded light curves for these 30 newly confirmed planets as well as the best 2 We note that during the preparation of this manuscript, several of the systems that report here (KOI-1236 , KOI-1563 and KOI-2672 were independently confirmed using a different methodology in the recent publication by Ming et al. (2013) .
3 http://archive.stsci.edu/kepler MCMC (Patil et al. 2010 ) fit using the analytical transit model given by Mandel & Agol (2002) .
2.2. TTV phase and amplitude As in Paper I, we focus on planet candidate pairs which are near first order MMR, i.e.
where j = 2, 3, ..., P and P ′ are the orbital periods of the inner and outer candidates, respectively. Throughout this paper, we adopt the following convention: properties of the outer (inner) candidate in a pair are denoted with (without) a superscript " ′ ". The proximity to resonance is defined as
As derived in LXW12, for two transiting objects near first order MMR, the series of transit times both consist of curves with combined linear and sinusoidal components, whose forms can be expressed as:
where t and t ′ , n and n ′ , T and T ′ , P and P ′ and V and V ′ are the transit time, transit sequence number, transit epoch, transit period, and TTV complex (see Eqn.7, ∠V denotes the phase of complex V ) of the inner and outer planets, respectively, and the longitude of conjunctions,
where λ = 2π
are the mean longitudes of the inner and outer planet, respectively. The TTV period, which we refer to as the super-period, is
and
are the TTV amplitudes and phases, respectively. We use a MCMC method (Patil et al. 2010) to fit the above model (Eqn.3) to the measured transit times. Figures 2, 3 and 4 plot the TTV data (residuals from the linear fit) and best fits for the 15 newly confirmed planet pairs. The fitting results are summarized in table 2. Figures 2-4 illustrate the 15 KOI pairs in our investigation, comparing their measured TTVs with the theoretically predicted period (super-period). Nevertheless, one should consider how likely that such a pair of TTVs could be produced as an artefact of the noise in the data rather that from a real signal arising from a pair of interacting planets, i.e. false alarm probability (FAP). To address this issue, Paper I proposed two methods; one is based on the Lomb-Scargle (LS) periodogram (Scargle 1982; Zechmeister & Kürster 2009 ) and the other is based on data refitting (similar to that in ). In fact, these two methods are intrinsically equivalent although the first one is faster. Thus, here we only adopt the first method to calculate the FAP. Specifically, for each pair of measured TTVs, we first compute the LS periodogram and record their powers at the super-period. We then calculate the LS powers at the super-period for another 10 4 sets of random permutations of the original TTV data. The FAP is estimated as the fraction of realization pairs with both LS powers larger than that of the corresponding original TTVs 4 . The results of the above FAP analysis are listed in table 2. All of the TTV pairs have a FAP less than 0.3%, corresponding to a confidence level over 99.7% (3-σ). Such low FAPs mean that we can be highly confident that each pair of objects are orbiting the same star.
FAP Analysis
2.4. Mass constraints from TTV As derived in LXW12, the TTV amplitudes and phases (or complex TTV) explicitly reveal the masses and eccentricity of the system,
where µ and µ ′ are the mass ratio of the inner and outer objects to the star, respectively, f and g are sums of Laplace coefficients (of order of unity), as listed in Table  A1 of LXW12, and Z * free is the complex conjugate of Z free = f z free + gz ′ free , a linear combination of the free complex eccentricities of the two planets.
In principle, µ, µ ′ and Z free (both real and imaginary parts) can be inferred by inverting Eqn.7. In reality, however, Z free is highly degenerate with µ and/or µ ′ (see below and also in LXW12 and Paper I). Nevertheless, as discussed in LXW12, one can derive the nominal masses from Eqn.7 by assuming |Z free | = 0, i.e.,
As shown in figure 10 of LXW12, planets' true masses are likely less than the nominal masses. However, one should note that the nominal mass is not a upper limit. In order to further derive the upper mass limit statistically, Paper I used a Monte Carlo method to map the mass and eccentricity by considering the constraints from the TTV amplitude and phase for each planet candidate.
Here we improve on the above Monte Carlo method by replacing it with a direct MCMC fitting to the TTV data using equations 3 and 7. In such a fitting process, T , T ′ , P , P ′ , µ, µ ′ , ReZ free , ImZ free (Real and imaginal parts of Z free respectively) are 8 fitting parameters. The prior distributions of µ and µ ′ are uniform between 0 and 0.1, while the prior distributions of ReZ free and ImZ free satisfy the condition that |Z free | is uniform between 0 and 0.8 and its phase is uniform between 0 and 2π. |Z free | is cut off at 0.8 because extreme large eccentricity (>0.2) are very unlikely based on the recent studies on transit durations (Moorhead et al. 2011 ) and TTV phases (Wu & Lithwick 2013) . Larger |Z free | would lead to even smaller mass for the transit objects in favour of confirming planets.
Figures 5 and 6 plot the MCMC fitting results for all these 15 pairs systems. As expected, the masses are strongly correlated with eccentricity due to the wellknown degeneracy between them, and thus generally, one cannot accurately extract individual masses or eccentricities based solely on their TTV 5 . The posterior mass distribution has a narrow high-end tail, which shows that extremely high masses are possible only in a very narrow parameter space. We then calculate the 99.7% percentile of the posterior mass distribution and define it as the 3-σ mass upper limit (m max , listed in table 3). As can be seen, all the 30 candidates have a maximum mass less than 25 Jupiter masses (M J ) or < 7945 Earth masses (M E ), confirming their planetary nature (Schneider et al. 2011) . Furthermore, as can be seen from the right columns of figures 5 and 6, TTVs also place a relatively tight constraint on the mass ratios of these planet pairs.
We also performed another similar set of MCMC fitting but with a logarithmic priors for both planet masses, µ, µ ′ and eccentricity Z free . We found the results are similar to those shown in figures 5 and 6.
Other diagnoses
Although a pair of sinusoidal TTVs provide strong evidence that the TTV signal arises from a pair of interacting planets, rather than from some other astrophysical false positive 6 , we perform two further checks to verify the "confirmed" status of these planetary systems.
First, we check the centroid offsets of these targets during transit . If a pair of transits were due to two planets each orbiting different stars, then each planet transit would cause some offset to the target centroid, and the offsets caused by different planets would be in different directions. In all cases studied here, we do not find any significant such offset (by checking the Kepler pipeline data validation report 1 of each candidate and personal communication with Ji Wang), which is consistent with each pair of planets orbiting the same star.
Second, we calculate the normalized transit duration ratio, ξ = (T dur /T ′ dur )(P ′ /P ) 1/3 (Fabrycky et al. 2012b ), for each pair. The value of ξ should be order of unity if the pair of planets orbits the same star. Indeed, in all 5 Sometimes the TTV phases and/or their distribution may help break the degeneracy (see LXW12 and Wu & Lithwick (2013)) 6 Such as two planets orbiting two different background stars or planets orbiting in a binary system, as discussed in Steffen et al. (2013) cases as listed in table 3, it is consistent with each pair of planets being in the same system.
SUMMARY
Expanding on the work of Paper I, we have measured and analyzed the TTVs of a further 15 Kepler planetary candidate pairs. We demonstrate that all 15 systems have measured pairs of TTV signals that agree with the theoretically predicted sinusoidal curves to a high degree of confidence (Fig.2, 3 and 4, and Table 2 ), and that the TTV phases and amplitudes constrain the masses of the objects to lie within the planetary range, leading to the confirmation of 30 planets in 15 planetary systems (Table  3) .
In figure 7 , we plot these 15 systems ordered according to their orbital periods and radii. Many of these systems are multiple systems with 3-5 transiting planet candidates. The two planets confirmed using TTVs in each system are usually the ones with larger sizes and orbital periods, which is consistent with our expectations as TTV amplitudes and their measurement accuracy generally increase with planet size (mass) and orbital period. Note: systems KOI-156 and KOI-1215 have also been analyzied by Wu & Lithwick (2013) using the TTV data from Q0 to Q6. As expected, mass is highly degenerate with eccentricity. Nevertheless, the mass ratios of the KOI pairs can be relatively well constrained. 
